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The effect of the initial condition at the jet exit on the downstream evolution, particularly within the powntial
core length, were numerically investigated as well as with available experimental data. In order 10 select most
dependable computational model for the present numerical experiment, a comparative study has been performed
with different turbulence models at k-¢ level, and it was found that the k-e-y model yields superior prediction
accuracy over other conventional models. The calculated results show that the potential core length and the
spreading raie the initial mixing layer are dependent on the initial length scale as well as the mrbulent kinetic energy
at the jet exit. Such effect of the inital length scale increases with higher initial mrbulence level. An empirical
parameter has been devised 1o collapse the calculated dam of the potential core length and the spreading rate with

various initial conditions onto & single curve.

Introduction

It is well known that the potential core length, the
spreading rate and the asymptotic peak turbulence intensity
vary widely from experiment to experiment in the jet initial
region.'” Husain and Hussain® showed experimentally that the
boundary layer state, laminar or wrbulent, the momentum
thickness and the fluctuation level in the initial boundary layer
at the jet exit were important factors which govern the
downstream jet development. Gutmark and Ho* found that
‘such scatter of the experimental data stems from spatially
coherent disturbances in individual facilities. They considered
the initial instability frequency as one of the important initial
conditions affecting the jet evolution.

In addition to the condition of the initial boundary layer,
- however, since the jet exit flow field is composed of the
boundary layer near the inner wall and the core flow in the
central region, the wrbulent state of the initial jet core must
also affect the downstream jet evolution process. Turbulent
intensity in a laboratory jet is typically 0.5% or less, while
those in practical turbojet and turbofan engines have been
reported to be between 3% and 15%.° Thus, in the initial
region of the jet flow, the mixing layer and the turbulent core
should interact with each other. If the level of the initial core
turbulence is low, the effect of the interaction may be small or
negligible. However, if it is sufficiendy high, the flow field in
the initial region should be rcgardcd as a complex flow
according to Bradshaw's category.

Vlasov et al.” reported that the potential core length
significantly decreases with increasing initial core turbulence.
More claborate experiment was performed by Raman et al.®
who kept the exit mean velocity profile and the boundary layer
state nearly the same, but varied the core turbulent intensity
between 0.15% and 5% by using various turbulence generating
grids. From the variation of the mean velocity along the jet
centerline, they concluded that the turbulent intensity in the
initial core has only small effect on the jet evolution.
However, considering that the freestream length scale is an
important parameter for the development of the turbulent
boundary layer, which has been vividly demonstrated by
Hancock and Bradshaw®, the length scale of the core
turbulence should be considered as an additional controlling
parameter for the downstream jet development.
Unfortunately, however, experimental data of the initial length
scale or dissipation rate arc almost unavailable from published
reports. Therefore, in the present study, a computational
analysis is carried out to systematically investigate the effects
of the wrbulent intensity and the length scale in the initial core
region on the initial development of a turbulent jet flow.
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Since most previous computational studies have been
concentrated on the flow field in the self-preserving region,
those on the jet initial region are only scarcely found in open
literatures. Islam and Tucker® computed the turbulent flow of
a jet inidal region by a revised mixing length model.
Meanwhile, computational turbulence models such as k-g and
Reynolds stress models have serious "anomaly problems”
when they are applied to compute turbulent free shear flows:
“round-jet / plane-jet anomaly™® and "plane-wake / plane-jer
anomaly"'. Recently, Cho and Chung'? developed a new -
ey model and made considerable improvement in the
prediction accuracy for free shear flows in their similarity
regions.

In the present study, firstly, three variants of k-€ model and
the new k-e-y model were applied to the initial region of the
round and plane jets to prove that the k-e-y model is more

reliable than other models. Secondly, using the k-e-y model
the effects of the initial core turbulence, i.e. the turbulent
kinetic energy, and the dissipation rate or length scale are
systematically investigated, and the results are compared with
available experimental data in the initial jet region.

Computational Models

In order to numerically examine the initial jet evolution
process which exhibits quite complex narure of turbulence, a
dependable computational model must be employed. As is

well known, the k-&€ model has a number of variant forms
which has been formulated to remedy the vulnerable model

coefficients of the standard k-e model under certain
circumstances. One of such weaknesses in computation of
free shear flows has been expressed by a term "round-jet /
plane-jet anomaly"™'°. Specifically, the predictions of a round
Jet and a plane jet with the same model constants show
inconsistent results : If the model constants are adjusted with
reference to the spreading rate of the plane jet, the computed
spreading rate of the round jet is higher than that of the plane
jet by as much as 25% whereas most experimental data
demonstrate that the round jet spreads slower than the plane jet
by about 15%.

Pope'® attributed the anomaly to the neglect of the mean
vorex stretching effect in the source term of the dissipation

equation, and introduced a vortex stretching invariant term x =
(k/ePQQ. S, where Q, and S, are the rate of mean rotation
and rate oF mean strain tensors, respectively. Note that the
invariant X has a positive value in the round jet whereas it

vanishes in the plane jet. Thus, the modified form of k-€
model suggested by Pope is as follows :
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Here the model constants are ; C,=0.09, 0,=1.0, 0,=1.3,

C.;=1.45,C,=1.90, C, =079
Hanjahc and Laundcr found that the rate of spectral
energy transfer across the wave number space, which is nearly
equal to the dissipation rate, is significantly promoted by
irrotational deformation which is associated with normal
strains. They also noted that the irrotational deformation has
larger value in the round jet than in the plane jet, which

stimulated them to propose the following variant of the k-€
model to solve the "round-jer / plane-jet anomaly" problem.
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C,.=0.33.

"Quite recently, Cho and Chung'? showed that, although the
above two variants improve the consistency in predicting the
plane jet and round jet with varying degree of accuracy, such
modifications do not yield any better solution to the "plane-jet
! plane-wake anomaly problem" which was raised as another
computational anomaly through AFOSR-HTTM-Stanford
Conference on Complex Turbulent Flows in 1980."' With a
lengthy discussion about the role of intermitiency in the
mixing layer between the shear flow in the core region and the
ambient potential flow outside the jet boundary, they proposed

a new k-g-y equation model as follows ( See Cho and Chung'?
for details ) :
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Proposed model conswants are; C,=0.09, C,=0.1, o,= o,=
0,=1.0, C,=1.44, C,=1.92, C,=0.30, C=0.10, C,;=1.6,
C,=0.15, C =0.16.

For morc detail computation, the Reynolds stress model
may be utilized. However, it has been widely demonstrated
that when it comes to compute the simple free shear flows, the
Reynolds stress model yields similar prediction accuracy as
the k-8 model', and no attempt has been made at modifying
the Reynolds stress model to solve the anomaly problem. For
this reason, it was not included in the present numerical
investigation

Initial Conditions and Computational Method

It is assumed that the velocity profile at the exit consists of
two regions: a boundary layer near the inner wall and the core
layer in the central region. The initial boundary layer is
further assumed to be in a fully developed wrbulent state.
Thus, all wrbulent parameters in that region can be estimated
by those of a fully developed turbulent boundary layer 6ver a
flat plate. In practice, Husain and Hussain showed that the
mean velocity and the turbulent intensity profiles in the initial
boundary layer at the jet exit are close to the flat platwe data.
Therefore, we picked up the mean velocity profile and the
turbulent kinetic energy profile from Klebanoff's experiment
on a flat plate. And the dissipation rate data were calculated
by assuming a local equilibrium. There have been a large
number of jet experiments, however, unfortunately, we can not
find any experiment which measured the initial levels of the

turbulent kinetic cncrgy and the dissipation rate in the core
region, simultaneously. Therefore, we are managed to assume

_them within a physically reasonable range.

In the core region at the jet exit, the mean velocxry “the
turbulent kinetic energy and the dissipation rate were assumed
uniform, but with their magnitudes being different for different
cases. In order to specify the relative magnitude between the
turbulent kinetic energy and the dissipation rate, i.c. the initial
eddy viscosity level k*/e, in a physically realistic range, the
data from a grid- gcneratcd turbulence were adopted. Comte-

“Bellot and Corrsin' presented various data set of the energy

decay of the grid turbulence. Fig.l rcprescnts the relations
between the length scale and the intensity of turbulence for
three cases in Comte-Bellot and Corrsin. From these relations,
a total of 20 pairs of data were used to specify the initial

urbulent kinetic energy and the dissipation rate in the core

region at the jet exit. Since the boundary layer profiles are

nearly invariant within 50% of the boundary layer thickness, 5,
the initial profiles of the mean velocity, the turbulent kinetic

energy and the dissipation rate are smoothly connected in the
region 0,58-6, .

The upwmd finite-difference procedure was used to solve
the system of the governing equations. Predictions of the jt
flow reported below were obtained by using 200 cross-stream
nodes, 50 uniform nodes inside the jet exit diameter and 150
stretched nodes outward. The jet exit mean velocity Ue was
20 m/sec and jet exit diameter D or width H was 10 cm, hence,
Reynolds number based on D or H was about 1.3 x10°, Initial

boundary layer thickness and the momentum thickness were
assumed 6mm and Imm, respectively. The turbulent kinetic
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Fig.l The initial conditions of the jet exit core region selectsd
from Comte-Bellotand Corrsin: 0 ; Ry=3.4x10°, & ;R,
~6.8x10°, 0 ;R,~13.5x10*

energy and the dissipation rate were estimated by assuming u*
=1.0 m/sec.

Resuits and Discussion

Performance Tests of Computational Models

In the present investigation, the standard k-€ model'”,
modified k-€ models by Pope, and Hanjalic and Launder, and
the k-€-Ymodel were applied to compute the initial flow field
of a plane jet and a round jet for a case with ~k./U, =0.01,

Le/D=0.2 in Fig.1. Table.] represents the predicted potential
core lengths and spreading rates. The spreading rate can be

defined in various ways. The shear layer width at a certain
downstream location x is determined by either B ™Yo, Y OF
B,=YuiYoss » and the vorticity thickness 8, defined by =Ue/(d
U/0Y) - Where y,, , ¥,, and y,,, indicate cross-stream
locations from the jet centerline where the local mean velocity
is 10%, 90% and 95% of the centerline mean velocity,
respectively. The symbol x , represents the potential core
length,

By comparing the predicted values in Table.l, it is
concluded that the k-€-Y model provides the most reasonable
predictions for all jet parameters. Specifically, the prediction
of the potential core length is remarkably improved, which can
also be appreciated from Fig.2 and 3. In Fig.3, the
experimental data show that the turbulent kinetic energy at the
jet centerline increases monotonically in the potential core
region. However, all models failed to reproduce such
increase. From the exact turbulent kinetic energy equation, it
can be seen that, since there is no mean shear in the potential
core, the turbulent kinetic energy should simply decay. Thus,
it is likely that either a certain unknown mechanism exist in
the core region or the real flow had some initial shear at the jet
exit. Hussain and Husain® explained that this occurs because
the core potential fluid is exposed 0 a 'massaging’ effect of
motions in the mixing layer all around of, which argument
however cannot be supported by the goveming field equation.

Nevertheless, the k-£-7 model predicts very fairly the variation
of the wrbulent kinetic energy along the centerline except in
the potential core region.

Fig.4 represents the mean velocity profile in similarity
coordinate at about the end of the potential core region.
Before the end of the potential core region, the initial mixing
layer attains similarity. This can be further clarified by the
fact that the shear layer thickness varies linearly °. In all
computations of the mean velocity, the turbulent shear stress

Table 1 Porential core lengths and inital spreading rates of jet flows

( fk./Ue=0.01, Le/D=Le/H=0.2)

Fiow Model and experiment Xp % % di‘"
dx
k-€-y 457D 0.163 0.175 0.141
round Hanjalic and Launder's k- ¢ 833D 0.154 0.158 0.076
jet Pope's k-€ 789D 0.146 0.152 0.112
Standard k€ 721D 0.155 0.162 0.128
experiment 490D"™  0.16-0.165' 0.158-0.202? 0.112-0.175*
k-g-y 480H 0.163 0.177 0.155
plane Hanjalic and Launder's k- £ 10.10H 0.163 0.168 0.110
jet Standard k- ¢ 874H 0.151 0.159 0.136
experiment 450H"” 0.155-0.180' - 0.155-0.179!
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Fig.2 The comparison of model on the variation of the
swreamwise mean velocity along the centerline in a roundjet :
experimental data : © ; Raman etal. : predictions for J'Ic_,/U,-

0.01, L /D=0.2: prcdiégiops : —— ; k-e-y model of Cho and
Chung ; — —; k-e model of Hanjalic and Launder, -~--; k-
model of Pope, —- — ; standard &-€ model.
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Fig.3 The comparison of models on the variation of the
trbulent kinetic energy along the centerline in a round jet :
experimental data : o ; Raman et al. for v’ /U =0.5%, assume

Vi=w'=0.6u" : predictions for Vk_fU=0.01, L /D=0.2, lines the
same as Fig.2.

and the turbulent kinetic energy, the k-£-y model outperforms
over the k-€ models as can be seen in Figs.4,5 and 6. The

better performance of k--Y model in the core region( (y-y, )/
(¥u,-Yu5)<0 ) may be atributed to the correct representation of
the interaction between the mean velocity gradient and the
intermittency gradient by the k-€-Y model (see, for details, Cho
and Chung).

Effects of the Initlal Conditions on the Downstream
Evolution

In order w0 investigate the effects of the initial conditions on

the jet downstream development, the k-€-Y model was utilized.
The initial conditions for the present computation were
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"Fig.4 The streamwise mean velocity profiles in the initial

similarity region of a round jet : experimental data : o ;
Bradshaw et al., a ; Husain and Hussain : predictions : ——;

k-g-y model of Cho and Chung ; — — ; k-€ model of Hanjalic
and Launder, -- -- ; k- model of Pope, — - — ; standard k-€
model.
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" Fig.5 The Reynolds shear swess profiles in the initial

similarity region of a round jet : symbols and lines the same as
Fig4.

selected from Fig.I as discussed previously. Fig.7 reveals that
the potential core length is smaller for higher initial turbulence
level, but that the centerline mean velocity decay rates after
the core region are nearly the same for all cases. Computed &
variations along the centerline in Fig.8 agree well with
experimental data only after the core region. For initially high
wrbulence level, experimental data of the turbulent kinetic
energy decay near the exit and then increase monotonically,
but the computed one decays continuously in the potential
core. The discrepancy between these two observations is not
yet understood.

The variations of the potential core length and the
spreading rate with different initial conditions are represented
in Fig.9. If the level of the initial turbulent kinetic energy is
increased, the potential core length is reduced and the
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Fig.6 The turbulent kinetic energy profiles in the initial

's:i_mi‘iarity region of a round jet : symbols and lines the same as
1g.4.
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Fig.7 The variation of the streamwise mean velocity along the
centerline in a round jet with the kinetic energy of the exit core

wrbulence for Ry=3.4x10* in Fig.1 : o ; ~/k/U=0.01,

a ;«/FJU;O_OZ, a ;afk_JU‘-0.0J, Q ;‘/k_JU,=O-04-

0.15

Fig.8 The variation of the turbulent kinetic energy along the
centerline in a round jet with the kinetic energy of the exit core
turbulence : experimental data from Raman etal. : o ; w'/U,
=0.5%. & ;v /U=5.0% : prediction for R,=3.4x10%in Fig.1,
lines the same as Fig.7.
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Fig.9 The variation of the predicted potential core length and

the spreading rate in a round jet with initial conditions as a

function of intial wrbulence level. : © ; Ry=3.4x10%, & ;R,~
6.8x10% o ; Ry=13.5x10": (a) the potential core length ; (b)
the spreading rate.

spreading rate becomes large. Also, it can be seen that the
effect of the initial length scale is such that increasing Initial
Iength scale shortens the potential core length and augments
the spreading rate. Moreover, such effect of the initial length
scale is magnified at increased initial turbulence level.
Consequently, the mixing is promoted by increasing both the
initial turbulent kinetic energy and the initial length scale.
This is because larger core length scales penetrate further into
the mixing layer. Similar conclusion can be drawn from the
experiment of Hancock and Bradshaw ®, who carried out an
experiment of the effects of freestream turbulence on a flat
plate boundary layer.

Finally, an attempt is made at devising by trial-and-error 10
collapse the calculated data into a single correlation. The
parameter found in this way is shown in Figs. 10(a) and (b),
where the number 80 Is an empirically determined constant.
All data nicely fall on a single curve as can be seen in figures.

. This parameter was found to correlate the plane jet data too

(not shown in this paper).



RG]
- a
Xp 454
v - %
- Co
t o]
4.0j aq o 1
4 8 {
4 i |
3.54 — :
0.00 .01 002 2.03 004 005 006
Vke/Ue)x10? /(D/Le+80)
0.170.J ;
(b i
J1 |
dB1 - a® E
1 s
3.1654 09°
i o N
o 1
o
[ 3
0.160+ ‘

0:00 = 2.0t 002 0.03 0.04 005 0.6
(Vka/Ue)x10% /(D/Le+80)

Fig.10 The variadon of the predicted potential core length and
the spreading rate in the initial region of a round jet with initial
condition as a2 function of a nondimensional parameter :
symbols the same as Fig.9 : (a) the potential core length ; (b)
the spreading rate.

Conclusions

The effects of initial conditions at the jet exit have been
numerically investigated. As a most reliable compurational

model, the k-€-Y turbulence model has been selected by
comparing the prediction accuracies of various turbulence
models at £-€ level. It was found that the standard form and a
couple of variants of the k-€ model yield wo lengthy potential

core and lower spreading rate, whereas the £-&-Y model
reproduce faithfully the turbulent flow field in the jet initial
region.

The calculated results show that the potential core length
and the spreading rate in the initial mixing layer are dependent
on the initial length scale as well as on the turbulent kinetic

energy at the jet exit. Such effect of the initial length scale
increases with higher initial mrbulence level. An empirical
parameter has been devised w collapse the calculated data of
the potential core length and the spreading rate with various
initial conditions onto a single correlation curve.

References

‘Rodi, W., " A Review of Experimental Data of Uniform
Density Free Turbulent Boundary Layers." Siudies in
Convection, edited by B.E.Launder, Vol. 1, 1975, pp. 79-165.

?Hussain, A.K.M.F. and Zedan, M.F., " Effect of the
Initial Condition on the Axisymmemic Free Shear Layer:
Effect of the Inigal Momentum Thickness,” Phys. Fluids, Yol.
21, July 1978. pp. 1100-1112.

3Husain, Z.D. and Hussain, AK.M.F. " Axisymmemic
Mixing Layer : Influence of the Initial and Boundary
Condidons,” AJAA Journal, Vol. 17, June 1979, pp.48-53.

4Gummark, E. and Ho, C., " Preferred Modes and the
Spreading rates of Jets," Phys. Fluids, Vol. 26, October 1983,
pp. 2932-2938.

SRaman, G., Zaman, K.B.M.Q. and Rice, E.J., " Inital
Turbulence Effect on jet Evolution with and without Tonal
Excitadon,” Phys. Fluids A, Vol. 1, July 1989, pp. 1240-1248.

¢Bradshaw, P., " Review - Complex Turbulent Flows,"
Trans. ASME, J. Fluids Engng, Vol. 97, June 1975, pp. 146-
154,

7 Vlasov, E.V., Ginevskii, A.S. and Karavosov, RK., "
Investigation of the Wave Structure of a Jet Entry - Zone Flow
at Various Level of Inidal Turbulence,” Fluid Mech. Sov. Res.,
Vol. 7, 1978, pp. 65-73.

'Hancock, P.E. and Bradshaw, P., " Turbulence Structure
of a Boundary Layer beneath a Turbulent Free Stream,” J.
Fluid Mech., Vol. 205, 1989, pp. 45-76. '

* [slam, S.M.N. and Tucker, HJ., " Flow in the Initial
Region of Axisymmewic Turbulent jets,” Trans. ASME, J.
Fluids Engng, Vol. 102, march 1980, pp. 85-91.

©pope, S.B., " An Explanation of the Turbulent Round-Jet
/ Plane-Jet Anomaly,” AJAA Journal, Vol. 16, March 1978,
pp- 279-281.

U Kline, S.J.. Cantwell, B. and Lilley, G.K. (eds),
1981/82 Comgujson of Computaton and Experiment,” Proc.
1980-81 AFOSR-HTTM-Stanford Conference on Complex
Turbulent Flows, Stanford.

12 Cho, J.R. and Chung, M.K.,, " A proposal of k-e-g
Equation Turbuience Model,” submitted for publication in the
Journal of Fluid Mechanics, 1991. - .

13 Hajalic, K. and Launder, B.E., " Sensitizing the
Dissipation Equation to Irrotational Strains,” Trans. ASME, J.
Fluids Engng, Vol. 102, march 1980, pp. 3440,

14 1 aunder, B.E., Reece,G.J. and Rodi.W., " Progress on
the Development of a Reynolds-stress Turbulence Models,”
NASA SP 321.

IS ‘Comte-Bellot, G. and Corrsin, S., " The Use of a
Contraction to Improve the Isotropy of Grid-generated
Turbulence,” J. Fluid Mech., Vol. 25, 1966, pp. 657-682.

' Anderson, D.A., TannchillJ.C. and Plewcher,R.H.,
Computational Fluid Mechanics and Heat Transfer, McGraw-
Hil,lI New York, 1984, p.344..

7 Launder, B.E. and Spalding, D.B., " The Numerical
Computation of turbulent Flows,” Computer Methods in
Applied Mechanics and Engineering 3, 1974, pp. 269-289.

¥ Rajaratnam, N., " Turbulent Jets,” Elsevier Scientific
Pubulishing Company, 1976.

¥ Hussain, A.K.M.F. and Clark, A.R., " Upsteam Influence
on the Near Field of a Plane Turbulent jet," Phys. Fluids, Vol.
20, September 1977, pp. 1416-1426.

® Hussain, A.K.M.F. and Husain, Z.D., " Turbulence
Structure in the Axisymmemic Free Mixing Layer,” AJAA
Journal, Vol. 18, December 1980, pp. 1462-1469.

3 Bradshaw, P., Ferriss, D.H. and Johnson, R.F.,
Turbulence in the Noise-producing Region of a Circular Jet,"
J. Fluid Mach., Vol. 19, 1964, pp. 591-624.

ERT

o

[{

rh



